Genetic and cell biological analyses of sperm behavior in the female reproductive tract are providing important clues to the mechanisms of sperm competition, a form of sexual selection that is an important force that shapes reproductive behavior, physiology and morphology in a wide range of species.
Males can grow T-shaped heads with eyes on the tips of long stalks, risk their lives to steal nuptial gifts from spiders' webs or carry 40 kilogram antlers on their heads, all for the sake of winning access to, or gaining the favor of, females. These and other bizarre male traits, which appear to be costly and detrimental in the struggle for survival, inspired Darwin to develop his theory of sexual selection. A century passed before biologists realized that, because females copulate with multiple males and are capable of prolonged sperm storage, male-male competition does not end with mating but continues within the female reproductive tract [1] . This 'postcopulatory sexual selection' is now recognized as a potent selective force responsible for shaping male behavior, physiology and anatomy [2, 3] . Postcopulatory sexual selection has been invoked to explain the evolution of outrageous male-specific traits, including glands which permit the female's vagina to be cemented shut following insemination, penises that more closely resemble Swiss army knives than intromittent organs, and males which spend most of their lives as a living chastity belt riding on the back of a female.
One form of postcopulatory sexual selection, sperm competition, was first recognized by Geoff Parker [1] . Parker's original vision of sperm competition was one in which females behave as passive vessels and male fertilization success is determined like a lottery, favoring males who ejaculate the greatest number of sperm. There is another side to sexual selection, however, that of intersexual choice, typically mediated by females. The role of females in determining paternity -'cryptic female choice' -has recently been receiving a great deal of theoretical and empirical attention [2] . For example, an old controversy about the relative contributions of malemediated and female-mediated processes to non-random mating patterns has been rekindled in the context of postcopulatory processes and male fertilization success.
Most studies of sperm competition have relied on paternity analysis. By examining which male sired which progeny, it is possible to determine levels of female promiscuity and patterns of sperm use (see Box 1) . These data, however, reveal little about how one male's sperm manages to succeed over another's in the competition to fertilize an egg. In order to gain a better understanding of the evolution of male and female reproductive strategies, the emphasis in studies of sperm competition has recently shifted toward the identification of mechanisms underlying patterns of paternity [3] .
Progress in revealing such mechanisms has been slow, however, for several possible reasons. First, traditionally, few evolutionary biologists have focussed on the cellular and physiological processes associated with insemination, sperm storage and fertilization. Second, sperm competition may involve biochemical or cell-surface interactions between sperm or between ejaculatory proteins and sperm, which are difficult to observe in vivo and replicate in vitro. Finally, the female reproductive tract in many species is extraordinarily complex both morphologically -with tortuous pathways, blind-ended sperm storage tubules, elaborate muscles and highly developed sensory epithelia -and physiologicallyinvolving phagocytotic cells, harsh chemistry and specific egg-surface receptors [2] . Recent genetic and cell biological studies using model biological systems -in particular, the nematode Caenorhabditis elegans [4] [5] [6] and the fruitfly Drosophila melanogaster [7, 8] -have begun to reveal important clues about the nature of postcopulatory sexual selection. The work on C. elegans [4] [5] [6] has revealed striking details about how sperm compete in this system. This little worm is providing a wealth of information about sperm competition, not only because of the sophisticated genetic tools available with this species, but because it is transparent, facilitating direct observation of sperm behavior in vivo, and because of its sexual system consisting of self-fertilizing, XX hermaphrodites which have retained the ability to produce outcross progeny by mating to XO males.
Before addressing mechanisms of sperm competition in C. elegans, it is useful to consider its unusual reproductive biology ( Figure 1 ). Being sequential hermaphrodites, each worm produces its lifetime quota of spermatids prior to switching irreversibly to egg production. In order to fertilize an egg, hermaphrodite spermatids migrate from the ovotestes to the spermatheca, where they undergo spermiogenesis to form mature bipolar sperm. The sperm are unusual, in that they are amoeboid and have no tail. Instead of swimming, they crawl by forming pseudopodia (Figure 1 ). Males, which are produced by rare nondisjunction events that generate an XO genotype, produce only sperm.
Although hermaphrodites typically self-fertilize, they have retained the capacity to outcross with males. When this occurs, male spermatids undergo spermiogenesis after ejaculation into the vulva, and must move through the uterus and into the spermatheca. Interestingly, malederived spermatids are activated by seminal fluid components following ejaculation (see below). Thus, to be competitive, male sperm must traverse greater distances, invade the spermathecae, and subsequently displace the hermaphrodite sperm already in residence there. In C. elegans matings, male sperm are thus always 'second' to hermaphrodite sperm (see Box 1).
The pioneering genetic and developmental studies of spermatogenesis in C. elegans by Ward and colleagues [9] revealed many of the details of fertilization and established that male sperm outcompete hermaphrodite sperm in this species. More recently, LaMunyon and Ward [4, 5] have deciphered the mechanisms underlying the male sperm advantage: they are larger and faster than hermaphrodite sperm, and consequently are able to 'bully' their way past the hermaphrodite sperm, displacing them from the spermatheca where fertilization takes place. This arrangement is presumably beneficial to the hermaphrodite because of the advantages of outcrossing in highly homozygous, self-fertilizing populations.
If larger sperm are winners in the competition to fertilize ova in C. elegans, then perhaps larger sperm should have evolved in any nematode where sperm competition is intense. This is precisely what LaMunyon and Ward [6] have discovered in a comparative study of sperm size in 19 species of the nematode family Rhabditidae, which includes both hermaphroditic and gonochoristic (distinct male and female members) species. In all seven hermaphroditic species examined, male sperm were larger than hermaphrodite sperm. Furthermore, sperm size was correlated with the risk of sperm competition; that is, independent of phylogenetic or body size effects, gonochoristic species had larger sperm than hermaphroditic species. This is consistent with the -as yet unproven but eminently plausible -assumption that individuals of the hermaphrodite/male species encounter a lower overall risk of sperm competition than do the sexual, gonochoristic populations. It would appear, then, that LaMunyon and Ward have identified the microevolutionary processes responsible for the macroevolutionary pattern in sperm size evolution of rhabditid nematodes.
One of the advantages of studying sperm competition in C. elegans is that the molecular and cellular basis of sperm competition can be directly studied using genetic approaches. A number of ingenious genetic screens, designed to take advantage of the mixed sexual reproduction system of C. elegans, have identified genes involved in spermatogenesis and/or fertilization. Such screens have identified approximately 60 mutants with abnormal spermatogenesis [10] . Two classes of mutations, known as spermatogenesis-defective (spe) and fertilizationdefective (fer), have been particularly useful in the analysis of sperm competition. A recent study by Singson et al. [11] used spe mutants that produce sperm that, although indistinguishable ultrastructurally and behaviourally from the wild-type, are nonetheless incapable of normal sperm-egg interactions.
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Sperm precedence Most studies of postcopulatory sexual selection have employed an experimental design in which virgin females (or those lacking sperm) are mated successively by two males and the pattern of 'sperm precedence' is determined as the proportion of offspring produced after remating that are sired by the second male, a variable referred to as P2. Values of P2 thus range from 0 to 1. Low values indicate that the first male fathers most of the offspring; high values indicate second male sperm precedence; intermediate values indicate that sperm mix within the female. Narrowly defined, 'sperm competition' refers to the competition among the sperm of multiple males to fertilize a single female's egg(s). Sperm competition is thus most intense when sperm mix, and traits such as relatively large testes and the transfer of ejaculates containing great numbers of sperm are favored. The term 'sperm competition' is often used more broadly, however, to refer to all aspects of postcopulatory male-male competition. Somewhat ironically, therefore, sperm competition largely favors male traits which serve to avoid sperm competition: traits that protect a male's ejaculate or get around the protection of other males. These traits include mate guarding, copulatory plugs, spermaticides and penis brushes which scrub stored sperm from the female's reproductive tract.
Without detailed knowledge of the numbers of viable sperm transferred, stored and used by each male throughout the reproductive sequence, it is difficult to infer the mechanisms determining paternity simply from the P2 value. For example, a value of 0.75 could result from sperm mixing with the second male (or those copulating with non-virgin females) having transferred three times more sperm than the first; from the second male having removed a portion of the first male's sperm from the female's tract or displaced it to a position less favorable for fertilization; or from the female having discretely stored each male's sperm and preferentially used those from the second male. On the other hand, it could simply mean that two thirds of the first male's sperm was used in the production of progeny prior to remating. Each of these explanations would generate a unique kind of selection on males. Thus, without a detailed understanding of the mechanisms by which paternity is determined, we can only achieve a vague understanding of postcopulatory sexual selection [20] .
Box 1
In one set of experiments, males mutant at the spe-9, spe-13, fer-14 and fer-1 loci were used in sperm competition assays in which the number of self versus outcross progeny were measured. With the exception of fer-1 males, matings with spermatogenic mutants resulted in a statistically significant decrease in self-progeny, indicating that the presence of male sperm, even ones defective in fertilization, prevented hermaphrodite sperm access to eggs (or otherwise incapacitated unfertilized eggs by unknown processes). The fer-1 mutant had no effect on the production of self-progeny, presumably because fer-1 sperm are immotile and were quickly lost from the hermaphrodite's reproductive tract. These results suggest the somewhat counterintuitive conclusion that, whereas sperm activation and motility are essential processes for sperm competition, fertilization is not; they also further establish the efficacy of using classical sperm mutants for studying sperm competition mechanisms.
These experiments did not, however, directly test the mechanism by which male sperm -or male seminal fluid products -prevent, in the absence of fertilization, hermaphrodite sperm from fertilizing eggs. To begin to address this, Singson et al. [11] used another sperm mutant, spe-8. The sperm of spe-8 hermaphrodites cannot self-fertilize because their sperm fail to undergo proper activation. Not surprisingly, therefore, when these mutant worms are inseminated by temperature-sensitive spe-9 and fer-1 mutant males reared at permissive temperatures, outcross progeny are almost exclusively produced. Remarkably, however, when spe-8 hermaphrodites are inseminated by spe-9 and fer-1 males reared at non-permissive temperatures (such males are sterile yet transfer normal seminal fluid), the production of self-progeny sharply increases. The seminal fluid of these mutant males apparently contains functional sperm activator, and hermaphrodite sperm have the ability to be transactivated by male seminal fluid [12, 13] .
From the standpoint of the evolution of sperm competition, these results provide convincing evidence that one male's seminal fluid can interact with another male's sperm, and, in the case of spe-8 mutants, can have profound consequences on sperm function. Thus, spe-8 demonstrates the existence of trans-acting sperm factors that can affect sperm from another male. Future studies may reveal additional genes encoding factors with these properties -all potential candidates for genes involved in sperm-sperm competition.
Although the relevance of the spe-8 mutation to sperm competition is questionable, its existence suggests that further 'sperm-sperm interaction' genes will be identified. For example, the spe-8 mutation is one of at least four members of a mutant class that includes spe-12, spe-27 and spe-29. A remarkable feature of these mutants is dependence of the expression of the defective spermatogenesis phenotype on mating: spe-8, spe-12, spe-27 or spe-29 hermaphrodites produce functional sperm following mating to a male [12, 13] . These mutations thus demonstrate that male seminal fluid can 'transactivate' hermaphrodite mutant sperm.
One member of this group of genes, spe-12, has recently been analyzed at the molecular and cellular level and found to encode a novel transmembrane protein [14] . The Spe12 protein may be part of the signalling cascade system that responds to a signal(s) from seminal fluid. The eventual molecular and cellular characterization of spe-12 and other members of this group may provide additional information relevant to the evolution of sperm-specific traits involved in sperm competition. At this point, cautious optimism is warranted about whether these new approaches will shed new light on the mechanisms of sperm competition.
Although less well developed experimentally than C. elegans, the fruitfly, Drosophila melanogaster has historically been widely used in studies of sperm competition [15] . One of the most fruitful endeavors has been the study of accessory gland proteins. Accessory gland proteins are a group of proteins present in male seminal fluid that are known to affect numerous aspects of female reproductive behavior, including egg laying rate and receptivity to subsequent male courtship. Recently, Wolfner and colleagues [16, 17] have shown that accessory gland proteins have a role in sperm storage.
In one set of experiments, males producing extremely reduced levels of accessory gland proteins were mated to females, and sperm storage patterns were determined using a quantitative polymerase chain reaction assay [16] . Although the mutant males transferred slightly fewer sperm than wild-type controls, a dramatic decrease in sperm storage by females was observed. A second experiment identified the accessory gland protein Acp36DE as a major player in female sperm storage. Acp36DE binds to sperm, and direct counts of stored sperm showed that only 15% of normal sperm levels are stored by females mated to acp36DE mutant males [17] . Given the role of Acp36DE in sperm storage, its direct binding to sperm and the fact that sperm competition occurs in sperm storage organs, continued study of the structure and function of accessory gland proteins may yield important clues to the evolutionary consequences of the selection resulting from sperm competition in Drosophila.
Two other recent studies [7, 8] hold promise for Drosophila as a treasure chest of information on the mechanisms of sperm competition. Researchers of sperm competition have long desired a way to discriminate among the sperm from different males within a single female's reproductive tract. Civetta [7] and Price et al. [8] have now accomplished this technological coup, in both cases by constructing a transgenic line of D. melanogaster in which the green fluorescent protein (GFP) is produced specifically in sperm, by expressing its gene under the control of the sperm-specific promoter of the don juan gene [18] . By mating females to both wild-type males and those with GFP-labeled sperm, these researchers were able to track the fate of competing males' sperm within the female reproductive tract.
Both studies found that the typical pattern of sperm precedence for D. melanogaster -in which a second male's sperm fertilize most of a female's eggs -is caused in part by loss of the first male's sperm from the female's primary spermstorage organ, the seminal receptacle. Unfortunately, neither study was able to discern the mechanism responsible for the sperm loss. Moreover, the transgenic GFP males were relatively unfit -that is, they transferred very few sperm relative to wild-type males -raising doubts about the generality of the conclusions. Additional studies using other mutant (for example, see [19] ) and wild-type strains should help to extend and confirm these findings. Nevertheless, this work represents an exciting first step toward the day when detailed events occurring within the female reproductive tract that are responsible for the pattern of paternity can be directly visualized.
